Myxococcus xanthus is a gram-negative soil bacterium that undergoes development under starvation conditions. Our previous study identified a new genetic locus, mrp, which is required for both fruiting body formation and sporulation. The locus encodes two transcripts: mrpAB, which consists of a histidine kinase and an NtrC-like response regulator, and mrpC, a cyclic AMP receptor protein family transcription activator. In this study, we used genetic and biochemical analyses to investigate the possible interactions between the mrp genes and other known developmental genes and events. These studies show that the mrp genes possibly function after A-signaling and (p)ppGpp but before C-signaling and that they regulate various early and late developmental genes and events.
Starved Myxococcus xanthus cells initiate a developmental program that involves cellular aggregation and formation of multicellular fruiting bodies. When starvation continues, the rod-shaped cells inside the fruiting bodies differentiate into spherical spores that are resistant to desiccation, high temperature, and radiation. When conditions are favorable, the spores germinate and the vegetative life cycle resumes.
M. xanthus cells regulate their gene expression to bring about physiological changes. By means of cell-cell signaling and transcriptional regulators, the cells coordinate and direct the progression of the developmental program. At the onset of development, nutrient limitation elicits a transient increase in the intracellular guanosine-5Ј-(tri)di-3Ј-diphosphate [(p)ppGpp] level (24, 25) . Guanosine penta-and tetraphosphate is believed to be a general signal for starvation in M. xanthus as it is in enteric bacteria (11) . In enteric bacteria, (p)ppGpp accumulates when tRNAs are uncharged because of amino acid deprivation and serves as a powerful regulator of macromolecular synthesis (for a review of the stringent response, see reference 2). In M. xanthus, ectopic production of (p)ppGpp-activated expression of some early developmental genes and blocking of (p)ppGpp prevented the formation of fruiting bodies (36) .
During development, various signaling genes (such as asg, bsg, csg, dsg, and esg) play important roles in regulating developmental gene expression at different time points (for a review, see reference 6). These genes were identified using nonautonomous developmental mutants that could be rescued extracellularly by wild-type or other complementation groups (4, 5, 16) . Among them, asg (A-signal) and csg (C-signal) are the best studied. The A-signal is a group of amino acids and small peptides that is generated by proteolysis in the early stages of development (16) . The A-signal serves as a cell density signal (16) to ensure that a critical density has been reached for fruiting body formation. The functional C-signal is believed to be a surface-associated protein. It is the 17.7-kDa product of the csgA gene, and its synthesis increases during development (10, 20) . csgA positively autoregulates and affects expression of some late developmental genes (37) . The addition of purified C-signal to the csgA mutant restores cellular aggregation, and increased levels of C-signal restore sporulation (15) . In addition, overproduction of CsgA results in early sporulation or delayed development, and reduced production of CsgA leads to delayed development (20) .
Developmental gene expression can be assayed genetically by a set of Tn5lac fusions. A survey using the promoter-probe Tn5lac has identified 36 genetic loci that specifically increase ␤-galactosidase expression at a particular time during development (19) . The expression times range from minutes after starvation to 24 h, when sporulation begins. The dependence of the expression of these Tn5lac fusions on cell-cell interactions has also been investigated (17) . Some key developmental genes have been further characterized, and antibodies are available for biochemical analyses for their products, including CsgA, the C-signal; protein S, the spore coat protein S; and FrzCD, a methyl-accepting chemotaxis protein (MCP) that is involved in directional movement of M. xanthus (27, 35, 39) .
The directional movement controlled by the frz signal transduction system is required for cellular aggregation during M. xanthus development (for reviews, see references 31 and 41). FrzCD, the MCP, undergoes reversible methylation at specific glutamate residues that are conserved among MCP proteins (29) . FrzCD methylation correlates with movement towards attractants (26, 32, 33) . During the course of development, FrzCD becomes more methylated, suggesting that an attracting signal(s) might be produced and sensed by the starving M. xanthus cells (28, 32) . Developmental FrzCD methylation is abolished in csg mutants, and addition of purified C-signal restores FrzCD methylation (37) . Many mutants that are blocked in cellular aggregation (except S-motility mutants) show poor FrzCD methylation, whereas those that are only blocked in sporulation show normal FrzCD methylation, indicating that FrzCD methylation defines a discrete step in the developmental program of M. xanthus (8) .
Our preceding paper presented experiments showing that two transcripts were essential for M. xanthus development: mrpAB, consisting of a histidine kinase and an NtrC-like response regulator, and mrpC, a cyclic AMP receptor protein family transcriptional activator (38) . Deletion of any mrp gene renders M. xanthus cells unable to form fruiting bodies or sporulate. Expression of mrpAB and mrpC is induced upon starvation and is positively autoregulated (38) . For mrpAB transcription, MrpB plays a major role and MrpA modulates MrpB activity.
In this study, we further investigated the role of the mrp genes in development. In particular, we examined the expression of mrpAB-lacZ and mrpC-lacZ under various experimental conditions as well as the expression of many developmental genes in mrp mutants to understand the interaction between the mrp genes and other developmental genes and events.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The bacterial strains used in this study are listed in Table 1 . M. xanthus cells were cultured vegetatively in Casitone-yeast extract (CYE) (1) . Antibiotics were added when appropriate (kanamycin at 100 g/ml or tetracycline at 15 g/ml). The myxophage Mx4 was used for generalized transduction of M. xanthus strains as described previously (1) . Liquid cultures were incubated at 32°C with shaking at 250 rpm. Agar plates were incubated at 32°C. Development of M. xanthus was initiated by placing 10 8 cells on 1.5% agar plates containing clone-fruiting (CF) (9) or MOPS medium (10 mM MOPS [morpholinepropanesulfonic acid, pH 7.6], 8 mM MgSO 4 ). Development of M. xanthus in submerged culture was carried out as described previously (21) .
Plasmid construction. pSH100, constructed for this study, is a lacZ fusion vector carrying a tetracycline resistance gene. It is a derivative of pKY481 (3) in which the kanamycin resistance cassette was replaced with the tetracycline cassette from the cloning vector pACYC184 (New England Biolabs). pACYC184 was digested with XbaI and ScaI, and the ends were blunt filled by the Klenow extension reaction. pKY481 was digested with SalI and EagI, and the ends were blunt filled by the Klenow extension reaction and then treated with calf intestine alkaline phosphatase (Promega). The two fragments were ligated, and the ligation product was used to transform Top10 cells (Invitrogen), generating vector pSH100. pSH101 is a pSH100 derivative containing an mrpAB-lacZ fusion. The EcoRI-BamHI fragment of pSH201 (mrpAB-lacZ) was ligated into pSH100 partially digested with EcoRI and BamHI. pSH102 is a pSH100 derivative containing an mrpC-lacZ fusion. The EcoRI-BamHI mrpC fragment of pSH202 (mrpClacZ) was ligated into pSH100 partially digested with EcoRI and BamHI. pSH101 and pSH102 were introduced into M. xanthus wild-type strain DK1622 through electroporation, and transformants were selected for tetracycline resistance, generating strains SW2809 and SW2816. These two strains were used as recipient strains for transduction of the asg and csg mutations, which have kanamycin resistance markers.
Mutant construction. The ⌬mrpAB mutant SW2820 was constructed as follows. First, pSH406 was constructed, carrying a deleted version of the mrpAB transcript. A 476-bp PCR fragment containing part of the mrpA open reading frame (ORF) was amplified using two oligonucleotides, 5Ј-TGAATTCCGTGA GCTGGACGCCC-3Ј and 5Ј-ATGGATCCGGTTCCTCGTCCACG-3Ј. The PCR product was digested with EcoRI and BamHI. Similarly, a 521-bp PCR fragment containing part of the mrpB ORF was amplified using two oligonucleotides, 5Ј-ATGGATCCTGGACGAGATTCGC-3Ј and 5Ј-TATAAGCTTCGA ACATGGCGCTGGC-3Ј. The PCR product was digested with BamHI and HindIII. The two fragments, part of the mrpA ORF and part of the mrpB ORF, were cloned into pBJ113, generating pSH406. Then, pSH406 was transferred into M. xanthus through electroporation as previously described (14) . Chromosomal integration was selected for by plating the cells onto CYE plates containing kanamycin (100 g/ml) (positive selection). pSH406 could not replicate in M. xanthus, and thus all transformants that were resistant to kanamycin (Kan r ) were the result of recombination of the plasmid with the chromosome. Individual Kan r colonies were diluted and plated onto CYE plates containing 1% galactose for negative selection. Southern blot analysis was used to screen the galactose-resistant (Kan r galK) colonies for proper excision of the wild-type copy.
␤-Galactosidase and Western blot assays. For the ␤-galactosidase assay, M. xanthus cells were harvested at various time points during the course of development by scraping five 20-l spots from MOPS agar into 100 l of MOPS buffer or by pipetting the cells off the culture plate wells in the case of submerged culture. All samples were stored at Ϫ20°C until completion of the time course. The samples were thawed on ice, and ␤-galactosidase activity was assayed as described previously (19) .
For the complementation assay, each strain was cultured in CYE broth to exponential phase, harvested, and resuspended to 5 ϫ 10 9 cells/ml. An equal volume (10 l) of the each cell type was mixed and placed on MOPS plates at 32°C for 3 days. Controls done in parallel contained 20 l of each cell type. Cells were scraped from the plate and sonicated for 20 s at 6 W power output, heated at 50°C for 2 h, and then diluted and plated on CYE plates with kanamycin (100 g/ml). The colonies were counted to determine the number of spores that germinated from the kanamycin-resistant cells.
Western blot analysis was used to study CsgA and protein S expression. FrzCD methylation pattern was examined following the protocol described previously (29) . Cells were allowed to develop in submerged cultures or on MOPS agar for various times, collected, lysed using loading buffer for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), and boiled for 5 min before loading. Protein concentration was determined for each sample using the Bradford assay (Bio-Rad), and equal amounts of protein were loaded for each sample for CsgA and protein S Western blot analyses. Anti-CsgA antibody was provided courtesy of L. Sogaard-Anderson. Anti-protein S and anti-FrzCD antibodies were provided courtesy of D. Zusman. 
RESULTS
(p)ppGpp and A-signaling but not C-signaling affect mrp expression. relA encodes the enzyme that synthesizes the stringent response signal (p)ppGpp (2). The M. xanthus relA mutant does not accumulate (p)ppGpp after starvation, and it fails to activate developmental gene expression. Consequently, it does not form fruiting bodies or sporulate (11) . We examined the effect of relA mutation on the expression of mrp genes. Previously we constructed lacZ reporter strains for the mrp genes (38) . SW2801 carries a translational lacZ fusion to mrpB, and SW2803 carries a translational lacZ fusion to mrpC. As mrpA and mrpB are cotranscribed, the mrpB-lacZ expression level would also reflect the expression of the transcript; hence it is referred to as mrpAB-lacZ hereafter.
We transduced mrpAB-lacZ and mrpC-lacZ into the ⌬relA mutant and measured ␤-galactosidase activity in both the wildtype and the ⌬relA mutant backgrounds (Fig. 1) . As we found previously, mrpAB-lacZ and mrpC-lacZ expression was induced upon starvation in the wild-type background (38) (Fig.  1) . The ⌬relA mutation greatly reduced the expression of mrpAB and mrpC after 8 h of starvation, suggesting that the response of mrpAB and mrpC to starvation may be partially regulated by the (p)ppGpp signaling pathway.
To examine the effect of A-signaling and C-signaling on mrp gene expression, we constructed tetracycline-resistant lacZ reporter strains for mrpAB and mrpC and then transduced asgA and csgA mutations (kanamycin resistance) into these reporter strains. We found that introduction of the asgA mutation reduced the expression of mrpAB and mrpC, whereas introduction of the csgA mutation had no or little effect on mrpAB or mrpC expression (Fig. 2) . Therefore, the expression of the mrp genes is affected significantly by A-signaling but little, if at all, by C-signaling.
mrp mutants still produce A-signal but not C-signal. One effective way to examine extracellular signal production is the complementation assay. Many developmental mutants, including the asg and csg mutants, although unable to form fruiting bodies on their own, can be rescued by mixing with wild-type cells (9) . It is speculated that these mutants fail to produce extracellular signal molecules but are able to receive them (9) . We tested whether the mrp mutants could produce the A-and C-signals by mixing them with asg and csg mutants to see if their developmental defects could be rescued. As shown in Table 2 , the mrpAB and mrpC mutants partially rescued the asg mutant, although fivefold less than the wild type did, but they failed to rescue the csg mutant, suggesting that the mrp mu- tants still produced the A-signal but to a lesser degree and that the mrp mutants produced little C-signal. This result is consistent with the effect of asg and csg mutations on mrp expression (Fig. 2) in that mrp probably functions after A-signaling but before C-signaling. Furthermore, the interaction between mrp and A-signaling may not be one linear pathway, as mrp mutations also reduced A-signal production to 20%.
To more directly evaluate C-signal production in the mrp mutants, Western blot analysis was performed using antibody against the CsgA protein. Equal amounts of developing cell extracts were fractionated by gel electrophoresis, and the two forms of CsgA protein were both visualized via a multiclonal antibody (20) . Shown in Fig. 3 is the 17-kDa CsgA product, which was believed to be the active C-signal (the 25-kDa form displayed a pattern parallel to that of the 17-kDa form; data not shown) (20) . Consistent with previous findings in the wildtype cells, C-signal production was induced during development (10) (Fig. 3) . In both mrpAB and mrpC deletion mutants, in contrast, the intensity of the C-signal band is significantly less than that in the wild type at each time point and remained at its 6-h level at 16 h of development. This indicates that csgA expression is directly or indirectly dependent on mrpAB and mrpC.
Effect of mrp on developmental gene expression. Both mrpAB and mrpC encode putative transcriptional regulators (38) . To examine possible genes regulated by mrpAB and mrpC, we looked at the expression of known developmental markers. Kroos et al. used a promoter probe, Tn5lac, and identified 36 strains that specifically increase ␤-galactosidase expression at particular times during development (19) . We chose several such Tn5lac markers based on the time of their expression, their importance to development, and their dependence on intercellular signaling. These markers include ⍀4491, ⍀4408 (sdeK) (7), ⍀4521, ⍀4531, ⍀4414 (devR) (40) , and ⍀4500. According to previous studies, the first three markers were expressed early, at about 2 h of development. Tn5lac⍀4531 was expressed at about 7 h, Tn5lac⍀4414 at about 11.5 h, and Tn5lac ⍀4500 at around 14 h (19). Strains containing ⍀4408 (sdeK), ⍀4491, or ⍀4414 lose their capacity to complete development, meaning that the gene disrupted by the transposon is required for development (7, 18, 40) . ⌻n5lac⍀4521 is usually used as a marker for A-signaling (23) . Tn5lac⍀4414 expression requires C-signaling and is an indicator of the production of the active C-signal (40) . Tn5lac⍀4408 expression is independent of A-and C-signaling (17) . Tn5lac⍀4531 and Tn5lac ⍀4500 have not been tested for A-or C-signaling dependence (7) .
We found that the expression of all Tn5lac markers tested was reduced in the mrp mutation backgrounds (Fig. 4) . We compared the expression levels of the Tn5lac markers at 24 h of development in the mrp mutants to those in the wild-type background and found that the later the markers are normally expressed, the more they were reduced by the mrp mutations. For the Tn5lac markers in the order ⍀4491, ⍀4408 (sdeK), ⍀4521, ⍀4531, ⍀4414 (devR), and ⍀4500, 50, 42, 29, 16, 3, and 8% of wild-type-level expression was left in the mrpAB mutant and 50, 59, 26, 16, 6 , and 8% of wild-type level expression was left in the mrpC mutant, respectively. This shows that mrpAB and mrpC directly or indirectly regulate these Tn5lac markers and indicates that the mrp genes function early during development.
In addition to ␤-galactosidase assays, we used Western blot analysis to examine the expression level of developmentally regulated genes. Protein S is the major component of the outmost layer of fruiting body spores. Expression of its encoding gene, tps, is induced by starvation and begins at about 5 h into development; accumulation of protein S peaks at about 24 h (12, 30) . We examined the effect of mrp mutation on protein S production (Fig. 3B ). In agreement with previous DK2630 ϩ SW2820 (csgA ϩ ⌬mrpAB) 2 0 DK2630 ϩ SW2808 (csgA ϩ ⌬mrpC) 3 0
a The number of kanamycin-resistant spores represents the number of germinated spores from DK4398 or DK2630, which is kanamycin resistant.
findings, we saw a substantial increase in the production of protein S from the onset of development to 6 h in wild-type cells. After 16 h, more protein S had accumulated. In contrast, in the mrpAB and mrpC mutants, there was only a slight increase from 0 to 6 h, much less than the increase in the wild type. From 6 to 16 h, the protein S level did not increase and remained the same as at 6 h. This result suggests that protein S synthesis is regulated, directly or indirectly, by mrpAB and mrpC. Furthermore, as the increase in protein S from 0 to 6 h did not happen in the mrp mutants, very likely mrp functions before 6 h during development.
Effect of mrp on FrzCD methylation. The mrpAB and mrpC mutants are defective in aggregation and fail to form fruiting bodies (38) . Many developmental mutants that are defective in fruiting body formation show abnormal FrzCD methylation (8, 37) . When the mrp mutants were tested, we found that they were defective in FrzCD methylation also (Fig. 3C) . Consistent with previous findings (28) , FrzCD of wild-type cells was largely methylated during vegetative growth in rich CYE medium. After 2 h of starvation in submerged culture, FrzCD became more demethylated. After 16 h, FrzCD was fully methylated. In the ⌬mrpAB and ⌬mrpC mutants, however, FrzCD methylation did not follow the same pattern. During vegetative growth, the cells were normal in sensing CYE as the attractant. After 2 h of starvation, they appeared normal in FrzCD demethylation, indicating that the cells sensed the removal of the nutrients. After 16 h, however, FrzCD extracted from these mutants did not become as fully methylated as that extracted from the wild-type cells. The methylation pattern of FrzCD remained essentially as it was at 2 h. This result suggests that the mrp genes function early in development and that the mrp mutants are unable to produce the putative attractant to methylate FrzCD. This is consistent with their nonaggregating phenotype (38) and also with the finding that the mrp mutants produce little C-signal during development (Fig. 3A) , as FrzCD methylation is also under control of the C-signal (37) .
DISCUSSION
Based on the foregoing data, we tentatively assigned a position to the role of the mrp genes during development (Fig. 5) . Since the expression of mrpAB and mrpC was affected by FIG. 4 . Effect of mrp on Tn5lac marker expression: ⍀4491, ⍀4408 (sdeK), ⍀4521, ⍀4531, ⍀4414 (devR), and ⍀4500. M. xanthus cells were placed on MOPS starvation plates and incubated at 32°C. The cells were harvested at different time points, and ␤-galactosidase activity was measured. Each experiment was repeated at least twice, and one set of results is shown. Circles, expression in wild-type background. Squares, expression in the ⌬mrpAB mutant. Triangles, expression in the ⌬mrpC mutant.
(p)ppGpp and A-signaling but little by C-signaling, and since the mrp mutants produced A-signal but little C-signal, it is likely that the mrpAB and mrpC products function after (p)ppGpp and A-signal but before C-signal. Consistently, we found that the mrpAB and mrpC mutations have a mild inhibitory effect on expression of A-signal-dependent genes but have a strong effect on expression of C-signal-dependent genes. These findings suggested that the mrp genes function early in development and are required for many key developmental gene expression and events. It should be noted, though, that the developmental program may very well not be a linear pathway, and Fig. 5 only represents our current understanding of the order of developmental events in relation to the mrp genes. The direct pathway of mrp regulation, such as the putative signaling events leading to MrpB phosphorylation and activation (38) and the genes directly activated by MrpC, wait to be revealed by further studies. From there, more specifc interactions between mrp regulation and other regulatory events such as (p)ppGpp and A-and C-signaling might be speculated. Our results so far strongly suggest that the mrp genes are an important part of the complex regulatory circuitry controlling the M. xanthus developmental program.
